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Mutation14-3-3 Proteins bind phosphorylated sequences in proteins and regulate multiple cellular functions.
For the ﬁrst time, we show that pure recombinant human 14-3-3 f, c, e and s isofoms hydrolyze ATP
with similar Km and kcat values. In sharp contrast the sigma isoform has no detectable activity. Dock-
ing studies identify two putative binding pockets in 14-3-3 zeta. Mutation of D124A in the amphi-
pathic pocket enhances binding afﬁnity and catalysis. Mutation of a critical Arg (R55A) at the
dimer interface in zeta reduces binding and decreases catalysis. These experimental results coincide
with a binding pose at the dimer interface. This newly identiﬁed function could be a moon lighting
function in some of these isoforms.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
14-3-3 proteins (b, c, e, g, r, s and f isoforms) are an important
family of highly conserved dimeric proteins. They bind to Ser/Thr
phosphorylated proteins through two major consensus motifs,
RSXpSXP (mode I) and RXY/FXpSXP (mode II), where pS represents
phosphoserine [1–3] and a third minor binding motif pS/pT(X 1–
2)-COOH (mode III) where pT represent phosphothreonine [4].
These proteins are involved in cell metabolism, signal transduction,
cell cycle control, apoptosis, protein trafﬁcking, transcription and
stress response as well as in malignant transformation [5–9]. These
functions have been attributed primarily to their ability to bind tophosphorylated sequences within the client proteins [10–13]. In
addition to these well known adaptor functions, 14-3-3s was
shown to possess an ATP/ADP exchange activity [14]. In rat liver,
mitochondrial import function of a cytosolic 14-3-3 seemed to
require energy from ATP hydrolysis [15–18]. Of late Drosophila
14-3-3f in conjunction with Hsp70 was shown to solubilize aggre-
gated proteins in an ATP dependent manner although whether this
function is dependent on energy from ATP hydrolysis has not been
demonstrated so far [19]. This disaggregating function seems anal-
ogous to yeast Hsp104 which is probably the only other chaperone
well known to solubilize preformed aggregates. No such activity
has been identiﬁed in any mammalian proteins but mammalian
14-3-3f seems to affect aggregation of tau and huntingtin [20–22].
These observations caught our attention as these ATP depen-
dent activity of 14-3-3 is not a major focus of research and any
enzymatic activity of 14-3-3 seems controversial [23]. Prompted,
we asked if human 14-3-3f has any detectable ATPase activity. If
so identifying residues involved in ATP binding/hydrolysis is likely
to better deﬁne the enzymatic property associated with the 14-3-3
protein which is otherwise well known for its scaffold and chaper-
one-like functions. Here we report the in vitro characterization of
ATPase activity of 14-3-3f and identify residues that are important
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14-3-3 c, e and s isoforms also show similar ATPase activity while
the sigma isoform which does not carry an ATP sensor sequence
lacks any detectable activity.
2. Results and discussion
2.1. ATPase activity of human 14-3-3 zeta
We expressed and puriﬁed 14-3-3 by afﬁnity chromatography
and gel ﬁltration. Identity of the recombinant protein was
conﬁrmed by MALDI-TOF–TOF (data not shown) and by nano
LC–MSE (Supplementary Table T1) as well as by Western blotting
using 14-3-3f speciﬁc antibody (Supplementary Fig. S1(A)). Mass
spectrometric analysis reveals 89.39% sequence coverage with no
contaminating proteins from Escherichia coli in which the protein
was expressed (Supplementary Table T1). Three other identiﬁca-
tions also belong to 14-3-3 proteins (Supplementary Table T1).
Two other proteins identiﬁed are very different from 14-3-3f in
molecular weight and are undetectable by standard techniques.
Considering 14-3-3f used here is a recombinant protein, these
identiﬁcations are clearly false positive identiﬁcations.
In fusion His-tag was cleaved and conﬁrmed by western blot-
ting using anti His-antibody (Supplementary Fig. S1(B)). Dimeric
nature was conﬁrmed by native PAGE (Supplementary Fig. S1(C)).Fig. 1. Demonstration of ATPase activity in 14-3-3f (A) Inorganic phosphate (c-32Pi) r
monitored by PEI-TLC. Lane C represents control (c-32P) ATP without any protein. (B) Pi re
different time points using malachite green. Data are represented as mean ± S.D. (n = 3). (
Data are represented as mean ± S.D. (n = 3). S.D. – standard deviation. Proteins from eac
ATPase activity and gel ﬁltration proﬁle of 14-3-3fWT. Data represents gel ﬁltration proﬁAbility of this pure 14-3-3f WT to hydrolyze ATP was then tested
using c-32P labeled ATP (Fig. 1(A)). 14-3-3f WT hydrolyses ATP
and releases inorganic phosphate (Pi) in a time dependent manner.
Similar results were obtained with the calorimetric assay
(Fig. 1(B)) [24]. Absorbance values in presence of two non-hydroly-
sable analogs ATP-c-S and AMP-PCP were not very different in the
presence or absence of 14-3-3f indicating that the calorimetric
reaction is a true reﬂection of gamma phosphate hydrolysis
(Fig. 1(B)). Due to the inherent low signal to noise ratio of the calo-
rimetric assay, we standardized a luminescence based assay called
the ADP-Glo™ max from Promega which has higher sensitivity, a
large dynamic range and is designed to eliminate background from
unhydrolyzed ATP. Using this assay we followed ATP hydrolysis of
each fraction of the single peak of 14-3-3f that elutes out from the
gel ﬁltration column and correlated it with UV absorption (Fig. 1(C
and D)). Results show that activity is coincident with the protein
fractions conﬁrming that 14-3-3f has detectable intrinsic ATPase
activity.
2.2. Prediction of putative residues involved in ATP binding/hydrolysis
To obtain clues towards the structural motif in 14-3-3f involved
in ATP binding/hydrolysis, we performed BLAST search of the
protein sequence of 14-3-3f (YWHAZ) against other ATP binding
proteins (data not shown). No consensus motif such as the AAAeleased from (c-32P) ATP hydrolysis by 14-3-3f WT at different time points was
lease by 14-3-3fWT in presence of cold ATP, ATP-c-S or AMP-PCP was monitored at
C) ATPase activity of each fraction of 14-3-3f WT eluted from gel ﬁltration Proteins.
h elution fraction were run on 12% SDS–PAGE (top panel). (D) Correlation between
le of 14-3-3fWT (continuous line) and corresponding ATPase activity (dotted line).
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typical ATPases could be identiﬁed within 14-3-3f. Such ATP bind-
ing proteins by and large contain b sheets which act as a base stack
for ATP to bind [25] and there are no b sheets in the crystal
structure of 14-3-3f [26]. In order to identify putative ATP binding
pockets we used Schrödinger software (Supplemental method)
[27]. Two major binding pockets for ATP seem possible in the crys-
tal structure of 14-3-3f (Fig. 2(A)). One of them is located within
the amphipathic groove and the other near the dimer interface.
Residues within 5 Å of docked ATP in each pocket are marked in
Fig. 2(B–E). Both pockets harbored residues expected to bind and
hydrolyze ATP. Guided by these results we created many indepen-
dent single amino acid variants of the protein. There was no change
in activity upon K49A, R56A or K120A mutations in the amphi-
pathic pocket (data not shown) but D124A surprisingly showed
signiﬁcant increase in the ATPase activity (Fig. 3(A)). Among the
residues E17, R18, D20, R55, and S58 at the interface, R55A muta-
tion alone showed partial reduction in activity (Fig. 3(A)). The
dimeric nature of these mutant proteins and the successful
removal of His-tag were conﬁrmed by native PAGE and Western
blot (Supplementary Fig. S1(B and C)).Fig. 2. Prediction of putative ATP binding sites in 14-3-3f by docking ATP was docked us
groove (binding is shown only for one pocket) and at the dimer interface. Interacting resi
and post simulated complex in the amphipathic pocket. (D and E) represent the pre and2.3. Determination of kinetic constants
ADP-Glo™max assay was used to determine the kinetic param-
eters of ATP hydrolysis. D124A mutant shows higher Vmax (4830
versus 152 pmole/min/mg protein for WT) and higher Km
(214.5 lM) than the WT enzyme (44 lM) (Fig. 3(B and C)). Activity
of R55A mutant did not attain saturation and the kinetic parame-
ters could not be measured. The kcat values for 14-3-3f WT and
the D124A mutant are 0.0087 and 0.28 min1 respectively (Table 1).
kcat value of pure recombinant human Hsp 70, assayed under iden-
tical conditions is 0.016 min1 (Table 1). A kcat value between 0.05
and 1 min1 has been reported for human Hsp 70 [28–30]. Another
chaperone ATPase, Hsp 90 is reported to have kcat values of 0.015
and 0.086 min1 [31,32]. The Km value for Hsp 70 is 51 lM (Table 1;
reported value 85 lM [30]). Km values of 320 and 890 lM are re-
ported for Hsp90 [31,32].
Since one of the putative binding pocket is located at the
amphipathic groove, we tested the effect of three phosphopeptides
on ATPase activity. Peptides did not alter the ATPase activity of 14-
3-3f WT (Supplementary Fig. S2(A)) or those of the mutants (data
not shown). Binding of the peptides was conﬁrmed by ELISA. Muta-ing Glide application from Schrödinger. (A) ATP was bound both at the amphipathic
dues within 5 Å of bound ATP in each pocket are shown. (B and C) represent the pre
post simulated complex at the dimer interface. ⁄Represents mutated residues.
Fig. 3. Mutations enhance or decrease ATPase activity of 14-3-3f (A) ATPase activity of R55A and D124A mutants was monitored using radiolabeled (c-32P) ATP and
compared with the WT protein. Lane C represents control (c-32P) ATP without any protein. (B) ATPase activity of 14-3-3f WT, R55A and (C) D124A mutants was measured
using ADP-Glo™ max assay. Two independent experiments in triplicates were conducted. Data are represented as mean ± S.E.M. S.E.M. – standard error of mean.
Table 1
Vmax, Km and kcat for 14-3-3 active isoforms, D124A mutant and Hsp 70.
Sr. no. Protein Vmax (p mole ATP hydrolyzed/min/mg protein) Km (lM) kcat (min1)
1 14-3-31 WT 152 ± 10.19 44.33 ± 10.05 0.0087 ± 0.00058
2 14-3-3c WT 149.3 ± 12.55 46.81 ± 13.15 0.0085 ± 0.00072
3 14-3-3s WT 152.4 ± 8.18 22.57 ± 4.72 0.0087 ± 0.00047
4 14-3-3e WT 146.9 ± 8.9 27.31 ± 6.22 0.0084 ± 0.00051
5 D124A mutant 4830 ± 80.22 214.5 ± 11.53 0.28 ± 0.0046
6 Hsp 70 2335 ± 54.22 51.07 ± 4.51 0.16 ± 0.0038
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(Supplementary Fig. S2(B)).
It is to be noted that14-3-3 structure is very different from
these chaperones and carries no structural or sequence homology
with these or other ATPase family members. The ATPase activity
of 14-3-3f although slow, is nevertheless close to the classical
chaperone Hsp 90 and the activity of D124A mutant (kcat
0.28 min1) is even better than that of Hsp 70 (kcat 0.16 min1).
This enhancement in activity by single amino acid substitution is
rare and provides the strongest support for the intrinsic ATPase
activity of 14-3-3f. Literature survey suggested that Hsp 104 pro-
tein carries RR and GAR motif which act as sensors for ATP [33].
R55 at the dimer interface of 14-3-3f is part of an identical Short
Linear Sequence Motif G53A54R55R56. By extrapolation, one may
presume that R55 in this motif is probably acting as an ATP sensor
in 14-3-3f.
Prompted by this possibility we looked for the presence of
GARR sequence in other 14-3-3 isoforms. We compared the re-
ported structural alignment of 14-3-3 isoforms and found that
while D124 is present in all isoforms, R55 is conserved in all but
the sigma protein (GGQR Supplementary Fig. S3). We expressed
and puriﬁed 14-3-3 c, e, s and the r isoform and found that all
except sigma show similar ATPase activity measured using radio-
active ATP and the ADP-Glo™ assay (Fig. 4(A and B)). The Km andkcat values are also similar in the active isoforms (Table 1). Absence
of the critical Arg may be the reason for the lack of activity in the
sigma isoform. ATPase activity seen in these isoforms could be a
moon lighting function. Such a function seems to correlate with
the presence of the same ATP sensor sequence motif G(A/G)RR.
This however needs to be tested by mutagenesis. Lack of ATPase
activity in the sigma isoform which was expressed and puriﬁed
identical to 14-3-3f isoform, further supports our contention that
observed ATPase activity in 14-3-3 preparations is intrinsic to
the respective isoforms.
2.4. Estimation of binding afﬁnity of ATP to 14-3-3 zeta and the
mutants
It is to be noted that Vmax of D124A mutant is 30 times more
than the WT protein and the Km for ATP hydrolysis is approxi-
mately four times higher (Table 1). While Km is routinely consid-
ered as a measure of binding afﬁnity, the relationship holds true
only under speciﬁc conditions. To obtain a measure of binding
afﬁnity of WT 14-3-3f and two mutant proteins for ATP, we incu-
bated c-32P radiolabelled ATP with each protein and aliquots were
spotted on to nitrocellulose membrane. ATP bound to protein was
visualized using autoradiogram. Hsp 70 was used as a control
(Fig. 5(A)). Results conﬁrm that these proteins bind to ATP. ATP
Fig. 4. ATPase activity of other 14-3-3 isoforms (A) Inorganic phosphate (c-32Pi) released from (c-32P) ATP hydrolysis by 14-3-3 isoforms at different time points was
monitored by PEI-TLC. There is no detectable c-32P in lanes where ATP was incubated with the sigma isoform. Lane C represents control (c-32P) ATP without any protein. (B)
ATP hydrolysis of active 14-3-3 c, e and swas monitored by ADP-Glo™ max ATPase assay. Two independent experiments in triplicates were conducted. Data are represented
as mean ± S.E.M. S.E.M. – standard error of mean.
Fig. 5. Effect of mutations on ATP binding (A) ATP bound protein was trapped on nitrocellulose membrane (NC). 14-3-3f WT or R55A or D124A mutants or Hsp 70 was
incubated with radiolabeled (c-32P) ATP and spotted on NC. Free ATP was washed away (B) protein bound ATP (c-32P) was separated using desalting spin column and
quantitated using liquid scintillation counter. Data are represented as mean ± S.D. (n = 3). S.D. – standard deviation. (C) 14-3-3f WT, R55A, D124A and DR (R55A, D124A)
double mutant was subjected for ATPase assay in the presence of 1 mM ATP (Sigma). Pi released was monitored using calorimetry assay. R55A mutation in D124A background
resulted in reduction of ATPase activity of D124A mutant. Data are represented as mean ± S.D. (n = 3). S.D. – standard deviation. (D) An overlay of 14-3-3f WT and R55A
mutant docked poses and (E) is an overlay of D124A mutant and the 14-3-3f WT docked poses (only the ligand and interacting residues are shown). D124 is not in view.
Bound ATP is represented as a ball and stick model. Residues within 4 Å from ATP are shown and RMSD of superposition (of backbone atoms) is 0.15 Å.
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radioactivity was counted in a liquid scintillation counter. Approx-
imately 6.7% of the total hot ATP added bound toWT protein, 2.66%
in R55A and 12% binding was seen in the D124A mutant
(Fig. 5(B)). 13% of hot ATP was bound to Hsp 70 under the same
conditions. These results indicate that the D124 mutant has a bet-
ter binding afﬁnity for ATP while R55A mutant has less afﬁnity as
compared to the WT protein. 2% binding could be seen with the
sigma isoform as well (data not shown).2.5. Computational analysis of binding energy and experimental
constraints converge on one putative binding site
In the absence of high resolution structural information of
bound ATP, it is difﬁcult to explain why other amino acid substitu-
tions in the vicinity of bound ATP in either binding pockets failed to
show any effect. It is possible that ATP may bind in different orien-
tations or binding may be accompanied by conformational changes
that are not captured by docking algorithms. It is also intriguing
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and in the other a partial loss. To substantiate the effect of these
mutations, we engineered R55A mutation in the background of
D124A mutant (DR mutant). Compared to the hyper active
D124A mutant, DR mutant is only 60% active indicating that R55
near the interface is a key residue in binding/hydrolysis (Fig. 5(C)).
Based on these results we asked whether a single binding pock-
et can explain the effect of two mutations. We used ligand docking
algorithm by VlifeMDS and imposed constraints that would mimic
experimental observations in analyzing the docking results. The
correct docked pose would be the one in which the D124A muta-
tion results in a more negative binding energy and R55A mutation
results in more positive binding energy for ATP. Mutants were
engineered in silico using VlifeMDS software [34] and docking
was carried out using VlifeMDS tools. Binding energy (BE) for
ATP for all proteins was calculated for the same top 10 binding
poses (Supplementary Table T2). Although ATP did bind to the
same amphipathic pocket in the monomer as seen before (data
not shown), no pose on the monomer conﬁrmed to the applied
constraints. In contrast a single pose at the dimer interface (pose
4 in Supplementary Table T2) showed (a) better binding of ATP
in D124A mutant (BE 0.77 kcal/mol vs 4.04 kcal/mol for the WT
protein) and (b) weaker binding in R55A mutant (BE 9.34 kcal/
mol). Detailed analysis of this pose indicates that ATP forms two
hydrogen bonds with Arg55 in the B chain and also makes charged
interactions with Arg55 in the A chain. In addition, Arg55 makes
numerous van der Waal (vdW) interactions at the dimer interface
(Fig. 5(D)). This docking pose clearly explains the importance of
Arg55 in binding interactions (Fig. 5(D)). Mutation of this residue
to Ala would result in loss of hydrogen bond interactions as well
as the charge interaction between the positively charged guanidine
group of arginine and negatively charged phosphate group of ATP,
adversely affecting binding energy and therefore catalysis. In-
creased rate of hydrolysis of D124A is reﬂected in better binding
energy of ATP in this mutant. This could be due to favorable steric
interactions between ATP and the mutated protein (Fig. 5(E)) med-
iated by an increase in the vdW component of the overall binding
energy.
2.6. Single turnover studies
To correlate ATP binding and ATP hydrolysis, we performed sin-
gle turnover ATPase assay. WT 14-3-3f, D124A and R55A mutant
proteins and 14-3-3rwere independently incubated with radioac-
tive ATP and the bound complex free from ATP was isolated.
Protein fraction which has the maximum signal for ATP was chosen
and hydrolysis was followed with time (Fig. 6). The data could beFig. 6. Single turnover ATPase assay WT 14-3-3f, R55A, D124A or WT 14-3-3r
bound-ATP complex was isolated and single turnover ATPase assay was performed.
Data represents percentage of ATP hydrolysis with time from two independent
experiments. Data are represented as mean ± S.D. S.D. – standard deviation.readily ﬁt to a single exponential function and results indicate that
30% of bound ATP is hydrolyzed in 2 h by 14-3-3f while D124A
hydrolyzes almost 70% of bound ATP by this time (rate constant
K = 1.17 ± 0.21). R55A and 14-3-3r did not show any detectable
hydrolysis of ATP under these conditions. Conversion of almost
70% of the bound ATP to product by D124A in a single exponential
manner indicates that binding is likely to be stochiometric ruling
out the presence of any non-speciﬁcally bound ATP that cannot
be hydrolyzed. Commensurate with other results 14-3-3f WT is
slow in hydrolyzing the bound ATP which is very likely due to
the faster dissociation of the protein-ATP complex into the free
forms.
These results in toto seem to deﬁne the pocket near the inter-
face as the most likely binding site for ATP. Nevertheless it is
possible that there are indeed two binding pockets for ATP. It is
also possible that these mutations have a long range effect on a
binding site located elsewhere in the protein or they affect equilib-
rium distribution between active and inactive conformers.3. Conclusions
Our study assigns for the ﬁrst time an ATP hydrolyzing activity
to human 14-3-3 f c, e and s isoforms. Our mutagenesis results
based on prediction tools show that this activity in zeta can be
altered resulting in gain or loss of function. While the ultra-struc-
tural details of the binding pocket, catalytic residues and more
importantly the physiological and functional relevance of this
ATP hydrolyzing activity remains to be established, our results
are likely to provide the necessary impetus for an in depth investi-
gation of this enzymatic activity and its physiological signiﬁcance.
The ATPase activity in 14-3-3f seems to stem from an unconven-
tional binding pocket and could be a moon lighting function. The
structure may represent a new fold among atypical ATPases. It
remains to be seen whether the enzymatic activity of 14-3-3 pro-
teins is preserved in cellular milieu and whether some of their
known functions and perhaps many unknown functions are depen-
dent on this activity. The effect of in vitro mutations may also be
mimicked by regulatory mechanisms inside the cell. Notably the
sigma isoform which differs from all other isoforms both in
sequence, structure and other functions, failed to show any detect-
able ATPase activity. Whether the same sequence or structure
plays a role in other active isoforms remains to be established.4. Material and methods
Plasmids used in the study, protein puriﬁcation and character-
ization by Western blot and nano LC–MSE analysis [35], ATP bind-
ing and single turnover ATPase assay are detailed in Supplemental
methods.
4.1. ATPase assay
(A) Calorimetry: 7 lM (calculated for dimeric protein) of protein
was incubated with 1 mM of ATP or ATP-c-S or AMP-PCP (Sigma)
at 37 C in 50 ll reaction buffer (RB) (RB: 20 mM HEPES buffer
pH 7.5, 5 mM MgCl2 and 2 mM DTT). Release of inorganic phos-
phate (Pi) was monitored at different time points using Malachite
green assay with minor modiﬁcations. 450 ll of assay mixture (3
part of 0.4% malachite green, 1 part 4.2% ammonium molybdate
made in 5 N HCl, 0.056% polyvinyl alcohol) was added to 50 ll
reaction volume. Mixture was allowed to incubate for 10 min at
room temperature and 200 ll of the sample was read at 630 nm
(Spectra Max 190, Molecular Devices) with appropriate blank.
Amount of phosphate released was estimated with the help of
standards generated using KH2PO4.
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(Promega) was used as per manufacturer’s instructions. Lumines-
cence was recorded using multimode microplate reader (Mitras
LB 940, Berthold Technologies).
(C) Radioactive assay: Trace amounts of (c-32P) ATP [10 lCi
(3000 Ci/mmol), PerkinElmer] in RB (25 ll) containing 100 lM of
cold ATP (Sigma) was incubated as before. Reaction was stopped
by spotting 2 ll of sample on poly(ethylene)imine cellulose thin
layer chromatographic (PEI-TLC) plates (Fluka) and developed with
0.75 M KH2PO4 (pH 3.5). Plates were dried and exposed to X-ray
ﬁlm (Kodak) to monitor inorganic phosphate (Pi) release. The
experiment was repeated at least two times with two independent
protein preparations. All radioactive experiments were performed
according to standard institutional guidelines.
4.2. Docking of ATP using Schrödinger software and molecular
dynamic simulation of the bound complex
ATP was docked to PDB ID: 2C1J which has no structure
breakage in between (1–230) [36] using Schrödinger software
(for details please see Supplemental methods).
4.3. Computational analysis of binding energy and experimental
constraints converge on one putative binding site
ATP was blind docked separately into monomer and dimer
structures of 14-3-3f (PDB ID: 2C1J) using VlifeMDS software.
Top 10 poses based on PLP score were selected (Supplementary
Table T2) [37]. Binding energy (kcal/mole) for each pose was calcu-
lated using the formula: Ebind = Ecomplex(Eprotein + Eligand). R55A
and D124A mutations were created, energy optimized and binding
energies were calculated for the same ten docked poses of ATP as
seen with the WT protein (Supplementary Table T2).
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